A riser fatigue monitoring strategy and implementation on a deepwater Gulf of Mexico Spar top tensioned riser is presented. The paper explains why a fatigue monitoring program is considered necessary to provide the operator with assurance of the riser system performance and integrity in service, the considerations that led to the selection of an appropriate monitoring system and describes in detail the standalone motion logger system adopted.
Introduction
A number of Spar floating platforms with top tensioned risers have been installed in the Gulf of Mexico in water depths up to 5,600ft. Top tensioned risers provide the production conduit from the seabed to the facility and allow workover activity on the well. The risers are subjected to dynamic fatigue loading from platform motions and ocean currents requiring a robust riser design with high quality components. A schematic of a top tensioned riser system for a Spar with a standalone logger monitoring system is shown in Figure 1 .
Each top tensioned riser is fitted with tapered stress joints at areas of high bending moment, which are at the connection to the wellhead at the seabed and either side of the Spar keel. In addition, the conductor below the mud line and the upper riser in the hull structure can be highly loaded regions. These are critical locations that exhibit complex response having the lowest predicted fatigue life.
The uncertainties in riser fatigue life prediction come from various sources. The magnitude and persistence of environmental events such as loop currents and hurricanes may differ in service compared with those used in the riser design. The riser structural response to phenomena such as vortex induced vibrations (VIV) is complex, especially in deepwater where high multi-mode response is expected. It is recognized that the ability of current VIV analysis tools to predict the actual measured VIV response of a riser requires a re-adjustment of typical design input parameters such as the level of structural damping or lift coefficient [1] . Further back analysis and calibration with full-scale riser measurements is required to better define input parameters and give confidence in predictions.
Consequently, monitoring the response of a riser around its critical fatigue locations allows fatigue damage rates and accumulation to be tracked. It also allows comparison between actual and predicted response for different operational conditions, allowing the long-term integrity of the riser to be confirmed and a project specific fatigue factor of safety to be calculated.
Monitoring System Evaluation
The main objectives of the monitoring program implemented on a deepwater Spar top tensioned riser in the Gulf of Mexico are to provide a means of measuring the following:
• Fatigue damage accumulation in the riser;
• Fatigue damage accumulation in the conductor system below the mud line.
In addition, the riser monitoring program allows comparison of measured fatigue damage to that predicted in the design phase by analysis of the expected fatigue loading components of riser VIV, hull VIV, first order and second order vessel motions. It also has the potential to identify any unexpected responses of the riser, which may not have been foreseen in the design phase.
After a review of the available monitoring options including on-line, acoustic and fiber optic technology, a standalone (off-line) motion logger approach was adopted for the monitoring program. Figure 2 . Standalone logger data is viewed and analyzed after the data is downloaded into a computer. It provides economical and rapid instrumentation deployment with simple interfaces and minimal impact on platform equipment. The logger consists of a central processor unit (CPU), analogue to digital converter, data memories and other support electronics. It can accept signals from various sensors such as accelerometers, strain gages, pressure gages, etc [2] . For riser fatigue monitoring, the logger incorporates motion sensors to measure dynamic displacements and rotations of the riser.
The logger is powered by internal batteries and stores data locally in a memory card. Once the memory card is full or the battery power has been depleted, the logger can be retrieved to the surface for data download and battery replacement. The logger can be easily installed into and retrieved from a premounted holder on the riser using a ROV as shown in Figure 3 .
The standalone logger for VIV measurement comprises of a 2" diameter x 12" long rugged stainless casing that houses the CPU, motion sensors, memory card and batteries. Tri-axial accelerometers and bi-planar angular rate sensors make up the motion sensor package. Key features of the standalone logger are its depth rating to 10,000ft water depth, low power consumption (5 mA), intelligent power management scheme, large memory (128 MB), lightweight (4 kg) and accuracy in measuring the relatively small levels of acceleration and angular velocities associated with riser VIV.
Other high precision motion sensors including inclinometers to measure low frequency rotations of the riser can be integrated into the standalone logger although the logger size increases due to the increased power requirement and sensor sizes. A precision data logger has been developed for riser fatigue monitoring to accurately measure riser motions over a wide frequency range at critical fatigue areas on the riser.
The key advantages offered by ROV retrievable standalone loggers over other monitoring systems are as follows:
• Robust field proven equipment with extensive track record on numerous deepwater riser monitoring programs over the last 8 years [2] ; • Field repairable and replaceable;
• No hardwire link to complicate riser running operations and significantly increase equipment cost; • Can be remotely installed by ROV on the riser pipe after riser installation.
The last point is noteworthy as riser running operations through the Spar hull shown in Figure 4 was a key issue in the evaluation of a suitable monitoring system. There was a possibility that monitoring devices could be detrimentally impacted during riser running activities and the use of any preinstalled equipment on the riser was precluded for this reason.
Thus, a requirement developed to have a monitoring system that could be entirely installed and retrieved by ROV such that the monitoring equipment installation could be done off the critical path. This facilitates the future flexibility to move the monitoring devices to other risers.
Measurement Principles
Ideally, stress variations along the riser length would be measured in the time domain and fatigue damage determined by summation of the damage resulting from the measured stress cycles. Due to difficulties of achieving reliable longterm performance with strain gauges, alternative measurement devices are used. Stresses can be determined directly from measurements of riser displacements along the length, provided measurements of the displacements at the different locations are time-synchronized. To achieve this objective, all instruments must be connected, in order to overcome the problems of clock drift associated with the use of standalone measurement devices. This adds complexity and cost and reduces robustness of the measurement system. In addition, a large number of measurement devices are required to capture the response at all locations of interest.
In view of the issues described above, the selected approach to riser monitoring is the use of standalone devices. The principles by which the monitoring system operates are as follows:
• Lower riser and conductor loading -direct measurement of angles and displacements of the lower stress joint;
• Keel joint -direct measurement of angles and displacements of the lower tapered section of the keel joint;
• Riser VIV loading -interpretation of lateral accelerations to determine frequencies and mode shapes of response from which stresses may be interpreted and fatigue damage computed;
Lower Riser and Conductor -Loading on the lower stress joint and conductor below the mud line is determined from direct measurement of all parameters affecting the loading at the base of the riser. These parameters consist of tension, angle at the top and base of the stress joint and displacement at the top and base of the stress joint. This concept is illustrated in Figure 5 .
The lower stress joint angles and displacements are determined using a combination of acceleration, angular velocity and angle data. The stress joint processed motion time series are then used in local finite element model of the lower riser and time domain analysis is carried out to determine fatigue damage in these regions.
The displacement and angle at the top of the lower stress joint used in conjunction with the tension enables the deformed shape of the stress joint, wellhead and conductor to be determined. Where application of the lower stress joint top motions to a local finite element model results in a mismatch of resulting displacement and angle from that measured at the base of the joint, the soil model is modified, stiffened or softened, until agreement is obtained. Hence, the resulting load distribution in the conductor, where placement of monitoring devices is not possible, can be derived iteratively. This approach can be applied for all load components, including riser VIV, hull VIV, first and second order motions acting individually or simultaneously.
Keel Joint -The approach adopted to measure keel joint loading is the same as that used to measure lower stress joint and conductor system response. That is, by measuring riser tension, and displacements and angles at the top and bottom of the lower keel taper joint, the stress distribution within the lower keel taper joint can be determined and that in the keel center and upper riser inferred using a finite element model of the upper riser and accounting for Spar hull motions.
Riser Loading -The riser fatigue loading is predominantly generated by riser VIV. The mode shapes of response and response frequency determine stresses and fatigue damage accumulation. The mode shapes of response are determined by shape fitting the accelerations along the riser length determined by analytical methods with the discrete measurements of acceleration over the riser length below the keel. This approach overcomes the inaccuracies that may be incurred by inferring mode of response from the measured response frequency. A feature of this approach is that the component response processing can be conducted in a manner that accounts for g-contamination of the riser response as it rotates while vibrating.
A limitation of the frequency domain approach is the effect of combining responses of widely different frequencies, such as VIV and second order motions. The loading from one effect may magnify the response of the other and independent summation of resulting damage may be inappropriate. However, the majority of the fatigue damage along the length of the standard diameter riser string is expected to be from VIV action and widely mixed frequency response is expected to be minimal.
A potential limitation of this method is the assumption that VIV takes the form of standing waves, with correlation of displacements between the regions of excitation and those remote to the regions of excitation. To overcome this potential limitation, measurements are taken at both the top and the bottom of the riser and mode shape matching is conducted independently at each location if required.
Methods of Measurement
Evaluation of riser response and long-term integrity requires measurement of environmental conditions, vessel motions and riser response. A combination of measurement systems and methods is used to provide the necessary data. The on-board Spar integrated monitoring and management system (IMMS) records environmental conditions, vessel motions, riser tension, riser stroke and annulus fluid temperatures and pressures. Further instrumentation is attached to the riser to measure riser response, which is discussed below.
Stresses are measured directly on the outer casing above mean water line using strain gages. Power is provided by a hardwired link from a standalone logger and data is recorded to this logger. Below the keel, stresses are not measured directly, due to the difficulties of attaching the necessary equipment and the potential for damage during riser installation. Hence, riser response below the keel is measured in terms of motions using the standalone loggers. Different sensors are required for measuring motions, depending on the magnitude and frequency of response.
Riser Instrumentation Requirements -The system of instrumentation necessary to measure the relevant motions for each type of loading is defined below.
• High frequency lateral displacements -accelerometers • High frequency angles -angular rate sensors • Mid & low frequency lateral displacements -derived from inclinometer using a transfer function • Mid & low frequency angles -inclinometer
The specific design requirements for each of the instruments used depend on positioning along the riser and the associated magnitude of the motions to be measured. Sensor specifications are developed from an evaluation of the predicted riser response due to VIV and vessel motion loading considering the smallest design sea-state and current events that generate a significant amount of fatigue damage.
Data Gathering
Environmental data, vessel response and riser tensions are recorded continuously on the IMMS. Riser response data is gathered intermittently in packets or 'events' in order to reduce data storage and processing requirements and instrumentation system costs. The basis for selection of the duration of each event, intervals between events and intervals between data retrieval are discussed below.
The duration of each event over which data is gathered should be of short enough duration such that operating conditions do not change significantly, and long enough to ensure that a reasonable statistical representation of response can be obtained. Taking into consideration both high and low frequency response components, an event duration of 30 minutes is selected.
The 30 minutes logging duration is qualified by the fact that riser VIV loading response frequencies are sufficiently large compared with the recorded length to be processed in the frequency domain and give reasonable statistical representation.
The lower stress joint and keel joint are subject to multiple components of fatigue loading with a wide range of response frequencies ranging from high frequency Spar first order and VIV loading, mid frequency Spar pitch loading, and low frequency Spar second order and hull VIV loading. The dominant fatigue components at both stress joint locations are the high and mid frequency loading. A time domain fatigue damage accumulation approach is more suitable for the stress joint locations due to the multiple fatigue loading frequencies. Hence, considering the frequencies of interest for fatigue, a 30 minutes logging duration is an adequate length to allow convergence of fatigue damage prediction using the rainflow counting method.
The intervals between logging periods should be sufficiently short such that the riser response at or near peaks of environmental loading is recorded. In order to meet this requirement, a logging interval of 4 hours is selected.
Groups of data from the IMMS that include vessel motions, environmental conditions and riser top tension are recorded for subsequent processing together with the riser response data. Initialization of the standalone loggers is referenced to the IMMS system such that event durations are simultaneously recorded by standalone and IMMS systems.
Retrieval of the standalone subsea instrumentation is conducted by ROV at regular intervals to avoid excessive memory and power requirements and confirm correct functioning of the equipment.
When retrieving the loggers to the surface, the data is downloaded and battery packs replaced. A preliminary assessment of the data is conducted to confirm correct functioning of the instrumentation. The ROV then re-deploys the loggers. Spare instruments are kept on-board the production vessel to account for the possibility that a malfunction occurs.
Data Processing
Riser Loading -The data processing of the riser acceleration response data is conducted in 4 stages. A brief summary of each processing stage is given below.
1.
Calibrate Data -the raw voltage data from the loggers is calibrated and converted to accelerations and angular rates with a correction for temperature variation. The program also splits the data into the separate events. 2.
FFT Analysis -the X-axis and Y-axis timetraces are combined in different directions and fast Fourier transforms conducted in each direction. The peaks at each frequency are combined to give a resultant spectrum and the directions associated with each frequency are noted. 3.
Identify Response Peaks -for each logger position, peaks are identified from each resultant acceleration spectrum and the frequency, magnitude of motion and direction are identified.
4.
Component Response Processing -the response peaks for each logger in an event are evaluated to identify correlating frequencies along the riser length, termed response components. The response amplitudes at these correlating frequencies are then processed together to determine the appropriate mode shape number, correct for gravity contamination and identify peak modal response amplitude and response direction. A typical event spectra, from which mode shape matching can be carried out is shown in Figure 6 .
Validation of this data processing methodology is carried out using VIV analysis simulations to generate motion data that would be recorded by the standalone loggers in a typical fatigue loading environment.
Lower Riser Loading -Stress joint angles, angle rate and lateral acceleration data are processed in the stages as described below.
• High frequency accelerations are combined with angular rate data to correct for gravity contamination.
• The corrected acceleration spectrum is then integrated to determine a displacement spectrum.
• The high frequency displacements are combined with low frequency displacements, which are obtained from the inclinometer data using a transfer function.
• The angular velocity data is integrated to determine angle.
• The high frequency angles are combined with the low frequency angles from the inclinometers.
• Both combined displacement and angle spectra are then converted into timetraces.
As with the VIV data processing methodology, the stress joint data processing methodology is validated using global analysis simulations to generate motion data that would be recorded by the standalone loggers in a typical fatigue loading environment.
Keel Joint Loading -Angles, angle rate, and lateral acceleration data for the keel joint are processed in a similar manner to the lower riser but include the Spar motions into the cut-down finite element model of the upper riser section within the Spar.
Placement of VIV Loggers
In order to best measure the range of riser VIV modal response expected during operational current conditions, 14 standalone loggers are arranged in two clusters along the length of the riser. The top cluster is defined with sufficient spacing between loggers to capture the quarter wave cycle of the lowest and highest expected mode numbers. The top cluster (10 loggers) is used to measure the VIV modal response. The bottom cluster (4 loggers) is used to calibrate the mode shapes measured by the top cluster of loggers.
Installation of Loggers
The installation of the standalone loggers was carried out using a ROV after the risers were installed. Two risers were instrumented with standalone loggers, each riser outfitted with 14 VIV loggers, 2 precision loggers on the lower stress joint and 2 precision loggers on the keel lower taper joint.
The loggers have neoprene guidance rings, a base guidance cone and ROV handle to facilitate installation of the logger into its holder using the ROV. All loggers are initialized to start recording at the same time with a logging window of 30 minutes every 4 hours.
Prior to logger installation, custom designed ROV clamp holders were installed on two of the risers. The clamp holder is shown in Figure 7 and comprises of a steel C-bracket with locking mechanism and ROV docking interface. The features incorporated into the holder allow the ROV to dock positively and locate the holder onto the riser and then subsequently engage and lock the hook arm at the rear end of the holder to secure it firmly onto the riser pipe. The ROV then takes an elevation and heading reading to within 2 degrees for use in subsequent data processing. This sequence is illustrated in Figure 8 .
In order to speed up logger installation, a purpose built deployment frame was built to allow 4 holders and loggers to be deployed subsea simultaneously and eliminate ROV trips back to the Spar. The frame was launched on a winch from the cellar deck over the side of the Spar as shown in Figure 7 . The holders were successfully installed by ROV in surface current speeds up to 2 knots. 36 holders and loggers were installed in less than 48 hours. Subsequent ROV retrieval and redeployment of the loggers after the first quarter of monitoring was carried out within 24 hours.
Conclusions
Riser fatigue monitoring provides the operator with assurance of the riser system long-term integrity and performance. Deepwater riser systems in the Gulf of Mexico are exposed to high levels of fatigue loading as a result of riser VIV from ocean currents and platform motions, thus requiring a robust riser design and high quality components. Uncertainties exist with environmental data and analytical design tools and monitoring the actual fatigue response of the riser over a relatively short period of a few years can confirm the integrity of the riser system and its performance with respect to its design limits.
The use of off-line standalone motion loggers offers a low cost, robust and field serviceable method of fatigue monitoring. The motion loggers can be configured with various sensors and placed at discrete locations on the riser to measure either the global VIV response of the riser or the local response of a riser section subjected to the various components of fatigue loading.
The complete monitoring system was successfully installed on two Spar risers using a work class ROV and specially designed ROV installable logger holders. This allowed the monitoring system to be installed after critical path riser installation activities and allows the devices to be moved to other risers in the future. 
